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Highlights 
 
1. Both age and region influence androgen receptor (AR) expression in the developing rat 
cerebellum. 
2. Prenatal exposure to valproic acid (VPA) disrupts AR expression in the developing rat 
cerebellum. 
3. Only the posterior part of the cerebellum is affected by VPA exposure in both male and 
female rats. 
 
Abstract 
Valproic acid (VPA) is an anti-epileptic drug with teratogenicity activity that has been 
related to autism. In rodents, exposure to VPA in utero leads to brain abnormalities similar 
than those reported in the autistic brain. Particularly, VPA reduces the number of Purkinje 
neurons in the rat cerebellum parallel to cerebellar abnormalities found in autism. Thus, we 
injected pregnant females on embryonic day 12 either with VPA (600 mg/kg, i.p.) or 0.9 % 
saline solution and obtained the cerebellum from their offspring at different postnatal time 
points. Testosterone has been linked to autism and plays an important role during brain 
development. Therefore, we identified and analyzed the androgen receptor (AR) by 
immunohistochemistry and densitometry, respectively. We found VPA decreases AR 
density in the superficial Purkinje layer only in cerebellar lobule 8 at PN7, but increased it 
at PN14 compared to control in males. In females, VPA decreased AR density in the 
superficial Purkinje layer in cerebellar lobule 6 at PN14, but increased it in lobule 9 at the 
same time point. No differences were found in the deep Purkinje layer of any cerebellar 
lobule in terms of AR density neither in males nor females. We additionally found a 
particular AR density decreasing in both superficial and deep regions across development 
in the majority of cerebellar lobules in males, but in all cerebellar lobules in females. Thus, 
our results indicate that VPA disrupts the AR ontogeny in the developing cerebellum in an 
age and region specific manner in male and female rats. Future epigenetic studies including 
the evaluation of histone deacetylases (HDAC’s) might shed light these results as HDAC’s 
are expressed by Purkinje neurons, interact with the AR and are VPA targets. This work 
contributes to the understanding of the cerebellar development and it might help to 
understand the role of the cerebellum in neurodevelopmental disorders such as autism. 
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 1. Introduction 
Valproic acid (VPA) is an anti-epileptic drug with a potent teratogenic activity capable to 
induce anatomical and chemical alterations in the central nervous system (CNS) of the rat 
(Almeida et al., 2014; Chomiak et al., 2010; Dufour-Rainfray et al., 2010; Ingram et al., 
2000; Narita et al., 2002; Wagner et al., 2006). Such alterations are similar to those reported 
in the autistic brain (Chugani et al., 1997; Fatemi et al., 2002; Lee et al., 2002; Purcell et 
al., 2001), that consistently shows abnormalities in the human cerebellum in terms of 
volume, morphology, and number of Purkinje neurons (Bauman and Kemper, 2005; 
Courchesne, 1999; Murakami et al., 1989; Palmen et al., 2004). In rats, prenatal exposure to 
VPA results in a reduced number of Purkinje neurons in the vermis as well as a reduction in 
the volume of the granular layer in adult rats (Ingram et al., 2000). Thus, VPA has been 
used as a model for the study of autistic disorders because it has been found to induce 
autistic-like behavior in rats (Roullet et al., 2010; Schneider and Przewlocki, 2005; 
Vorhees, 1987a; Wagner et al., 2006). Nevertheless, despite these advances there are no 
studies focusing on the protein expression of surviving Purkinje neurons after in utero 
exposure to VPA. 
 The Purkinje neurons serve as the only output of the cerebellar cortex to 
communicate with the rest of the CNS (Apps and Garwicz, 2005; Ramnani, 2006; Voogd, 
2003). Therefore, any alteration to the Purkinje neurons could lead to a dysfunctional 
cerebellar circuit. As a consequence, these altered cerebellar circuits result in abnormal 
connectivity between the cerebellum and any brain nuclei linked to it. Moreover, Purkinje 
neurons are known to express estrogen and progesterone receptors which both regulate 
neuroplasticity during cerebellar development (Haraguchi et al., 2012; Sakamoto et al., 
2003; Sakamoto et al., 2001; Sasahara et al., 2007; Tsutsui, 2008). Furthermore, the 
androgen receptor (AR) is also expressed by Purkinje neurons in the developing and adult 
cerebellum (Bowers et al., 2014; Perez-Pouchoulen et al., 2016; Qin et al., 2007), but its 
function in the neurobiology of the cerebellum remains unclear. In other brain regions, the 
AR regulates the expression of both cytoskeletal proteins such as tubulin (Jones and 
Oblinger, 1994; Matsumoto et al., 1994) and neurotrophic factors such as BDNF (brain-
derived neurotrophic factor) (Yang et al., 2004) as it translocates to the cell nucleus 
functioning as a transcription factor (Chang et al., 1995; Lee and Chang, 2003). Thus, the 
study of AR function and its participation during the formation of the cerebellar circuit is 
highly relevant, because it is the only receptor of testosterone, a powerful androgenic 
hormone that plays an important role during brain development (Lombardo et al., 2012; 
McCarthy, 2008; McEwen, 1992) and has been linked to autism (Auyeung et al., 2009; 
Baron-Cohen et al., 2009; Knickmeyer and Baron-Cohen, 2006; Tordjman et al., 1997). 
In this study we sought to evaluate the effect of prenatal exposure to VPA on the AR 
expression in the developing cerebellum using male and female rats since autism affects 
more boys than girls in a ratio of 4:1, respectively (Aiello and Whitaker-Azmitia, 2011; 
Bauman and Kemper, 2005; Moldin et al., 2006). We also included an anatomical view as 
an important factor for the organization and function of the cerebellum. 
 
2. Materials and Methods 
2.1 Subjects and housing 
Female (Wistar, 200-250 g/bw) and male rats (Wistar, 250-350 g/bw) were used and 
obtained from the colony room of the Centro de Investigaciones Cerebrales, Universidad 
Veracruzana, Xalapa, Mexico. Animals were kept under reverse light-dark cycle (12-12 h 
light off at 0800 h) in standard acrylic cages containing wood-chip bedding (nu3lab). Food 
from Harlan Mexico (rodent chow) and water were provided ad libitum. All animal 
procedures were approved by a review committee of Universidad Veracruzana in 
accordance with the Official Norms in Mexico (NOM-062-ZOO-1999 and NOM-087-
ECOL-SSA1-2003) and the Society for Neuroscience Policy on the use of Animals in 
Neuroscience Research. 
2.2 Sodium valproate administration 
Male and female rats were placed together for mating and when a vaginal plug was 
detected it was counted as embryonic day 1 (E1). Dams were randomly assigned to either 
control or treatment group. Treatment dams received a single intraperitoneally VPA 
injection on E12 using a 600 mg/kg dose as described elsewhere (Figure 1A) (Ingram et al., 
2000). The VPA was purchased as sodium valproate salt (Sigma-Aldrich, Saint Louis, 
USA) and based on the weight of each dam it was measured and then dissolved in 0.3 ml of 
0.9 % saline solution. This procedure was performed so that each dam would receive the 
same volume of solution containing the corresponding amount of VPA. Control dams 
received 0.3 ml of 0.9% saline solution the same day. Subsequently, all dams were housed 
individually until they gave birth, which was counted as postnatal day 0 (PN0). A total of 
96 rat pups were used (8 males and 8 females for each group) and obtained from a total of 
20 injected dams (5 control + 15 VPA dams). It is worth noting that we actually injected 28 
dams with VPA, but only 15 dams delivered pups. 
Figure 1. 
 
Figure 1. (A) Experimental time line of the AR analysis at three different time points during 
postnatal development of the cerebellum in male and female rats either treated with vehicle 
or VPA. (B) Sagittal view of the developing cerebellum (PN7) depicting the cerebellar 
lobules and the superficial (top and left) and deep (bottom and left) regions where the AR 
densitometry analysis was performed. Inserts show an amplification of the AR labeling in 
the Purkinje layer, presumably in Purkinje neurons based on their soma’s morphology at 
this age (McKay and Turner, 2005). Scale bar = 50 µm, inserts scale bar = 12.5 µm. E = 
embryonic day, PN = postnatal day, VPA = valproic acid, AR = androgen receptor, ML = 
molecular layer, PkL = Purkinje layer, GL = granular layer. 
2.3 Tissue collection and immunohistochemistry 
On PN7, PN14 and PN22 rat pups were deeply anesthetized with an overdose of sodium 
pentobarbital (i.p., 30 mg/kg) and transcardially perfused with phosphate buffered saline 
(PBS) and 4 % paraformaldehyde (pH = 7.4). The entire cerebellum was removed and post-
fixed for 24 h in 4 % paraformaldehyde at 4 °C. Subsequently, tissue was placed in 30 % 
sucrose at 4 °C until they were saturated (approximately 72 h) before sectioning on a Leica 
cryostat. Forty micrometers sagittal sections were obtained from the mid-vermis and 
processed for immunohistochemistry as described elsewhere (Perez-Pouchoulen et al., 
2016). Briefly, cerebellar sections were incubated with a polyclonal antibody against the 
AR (1:1500, rabbit anti-AR, Santa Cruz Biotechnology sc-816) in 0.4 % PBS with Triton 
X-100 (PBS-T) for 48 h at 4 °C. This antibody has been validated to localize the AR in 
Purkinje neurons (Bowers et al., 2014; Perez-Pouchoulen et al., 2016; Qin et al., 2007), and 
in other neurons of the CNS (Wood and Keller-Wood, 2008). Subsequently, sections were 
incubated with biotinylated anti-rabbit secondary (1:500, Vector Laboratories) in 0.4 % 
PBS-T for 90 min at room temperature with constant agitation. Sections were then 
incubated with avidin-biotin complex (1:500, Vectastain® Elite ABC-Peroxidase kit 
Standard, Vector Laboratories) in 0.4 % PBS-T for 90 min at room temperature with 
constant agitation. AR positive staining (Figure 1B) was visualized using diaminobenzidine 
as chromogen in the presence of nickel sulfate for 5-6 min (Vector Laboratories kit). 
Finally, sections were exhaustively rinsed with PBS, mounted on gelatin-coated slides, 
cleared with ascending alcohol concentrations, defatted with xylene, and coverslipped with 
Permount (Fisher Scientific). All cerebellar sections were processed under similar 
conditions. Additionally, negative and positive controls for AR immunoreactivity were run 
to rule out false AR immunostaining. 
2.4 Densitometry 
Digital images of cerebellar sections were obtained with an Olympus Provis AX70 
microscope (Tokio, Japan) interfaced with a camera sending photomicrographs to a 
computer system containing the Image-Pro Plus software (Media Cybernetics). Two images 
were taken in both superficial and deep regions in all cerebellar lobules under 40x 
magnification and converted to 16-bits gray scale before analysis. The absolute values 
obtained from those two images were averaged to use a single value per region for each 
lobule. It is important to note that densitometric values from sub-lobules of cerebellar 
lobules 6 and 9 were combined to generate a single result. A total of ten cerebellar lobules 
were studied here. A grid of 60 squares of 25 x 25 µm each (total area of 37,500 µm2) was 
superimposed on the Purkinje layer for densitometry analysis using the Photoimpact 
program (Corel). Only the AR-positive cell of the Purkinje layer within the grid was 
analyzed using a standardized circular tool of 176.715 µm2. In every image, we 
analyzed and combined the background staining from the granular and molecular 
layer to normalize the AR density (from the Purkinje layer) value, which was 
expressed as “relative optical density”. We used 3 cerebellar sections from the mid-
vermis per animal, they were grouped and then averaged for each animal. This method 
has been used in our lab (Perez-Pouchoulen et al., 2016) and with modifications by others 
(Finesmith and Favero, 2014; Hamson et al., 2009). 
2.5 Statistical analysis 
All data are expressed as mean ± S.E.M. In both control males and females, a one-way 
ANOVA with age as fixed factor was performed for each cerebellar lobule (1-10) in the 
superficial and deep regions separately. A two-way ANOVA with age and treatment as 
fixed factors was used to analyze AR expression in every cerebellar lobule in both males 
and females considering both superficial and deep regions. The Tukey's post hoc test or 
pairwise comparison was used when significant differences were seen at p ≤ 0.05. 
Additionally, we calculated either eta squared (η2) or Cohen’s d effect size estimates where 
appropriate. All statistical tests were computed in SPSS 22 and graphed using GraphPad 
Prism 6. 
3. Results 
3.1 AR expression in Purkinje layer decreases during the second postnatal week in the 
majority of cerebellar lobules in both superficial and deep regions in males. 
We first determined the AR pattern expression in the Purkinje layer in two anatomical 
regions during the postnatal development of the male cerebellum at three different time 
points. The one-way ANOVA detected significant differences among ages for the AR 
density in the superficial region of cerebellar lobules (full statistical details in Figure 2A). 
Post hoc analysis revealed the expression of AR decreased in the Purkinje layer at PN14 
compared to PN7 in: lobule 2 (PN7, 0.39 ± 0.17 vs. PN14, 0.00 ± 0.00; p = 0.05); lobule 3 
(PN7, 0.48 ± 0.19 vs. PN14, 0.00 ± 0.00; p = 0.034); lobule 4 (PN7, 0.54 ± 0.20 vs. PN14, 
0.00 ± 0.00; p = 0.026); lobule 5 (PN7, 0.56 ± 0.16 vs. PN14, 0.02 ± 0.00; p = 0.02); 
lobule 6 (PN7, 0.70 ± 0.17 vs. PN14, 0.00 ± 0.00; p = 0.001); lobule 7 (PN7, 0.63 ± 0.19 
vs. PN14, 0.02 ± 0.02; p = 0.004), and lobule 8 (PN7, 0.58 ± 0.20 vs. PN14, 0.11 ± 0.05; p 
= 0.032). However, the AR density also decreased at PN22 compared to PN7, but only in 
lobule 7 (PN7, 0.63 ± 0.19 vs. PN22 0.10 ± 0.07; p = 0.013), and lobule 8 (PN7, 0.58 ± 
0.20 vs. PN22 0.00 ± 0.00; p = 0.008) (Figure 2A). No significant differences were 
detected for lobule 1 (F (2,21) = 1.431, p > 0.05), lobule 9 (F (2,21) = 2.567, p > 0.05), and 
lobule 10 (F (2,21) = 0.977, p > 0.05). 
 With regard to the deep region of lobules, the one-way ANOVA also detected 
significant differences among ages for the AR density (full statistical details in Figure 2B). 
The post hoc analysis indicated that the AR density was lower at PN14 and PN22 compared 
to PN7 in lobule 3 (PN7 0.38 ± 0.19, PN14 0.00 ± 0.00, PN22 0.00 ± 0.00; p = 0.05); 
lobule 4 (PN7 0.45 ± 0.19, PN14 0.00 ± 0.00, PN22 0.00 ± 0.00; p = 0.021); lobule 5 
(PN7 0.35 ± 0.17, PN14 0.00 ± 0.00, PN22 0.00 ± 0.00; p = 0.058); lobule 6 (PN7 0.51 ± 
0.16, PN14 0.00 ± 0.00, PN22 0.00 ± 0.00; p = 0.002); lobule 7 (PN7 0.35 ± 0.12, PN14 
0.00 ± 0.00, PN22 0.00 ± 0.00; p = 0.005), and lobule 8 (PN7 0.19 ± 0.08, PN14 0.00 ± 
0.00, PN22 0.00 ± 0.00; p = 0.035). No significant differences were found for cerebellar 
lobules 1 (F (2,21) = 2.323, p > 0.05), and 10 (F (2,21) = 1.000, p > 0.05) (Figure 2B). 
 
 Figure 2. 
 
Figure 2. Postnatal AR expression in the developing vermis in male rats. (A) Superficial 
Purkinje layers expressing the AR across ten cerebellar lobules in the mid-vermis. 
Statistical significant differences among ages for the AR density in the superficial region of 
lob 2 (F (2,21) = 3.316, p = 0.05, η2 = 0.240); lob 3 (F (2,21) = 3.830, p = 0.038, η2 = 0.267); 
lob 4 (F (2,21) = 4.161, p = 0.030, η2 = 0.284); lob 5 (F (2,21) = 4.890, p = 0.018, η2 = 0.318); 
lob 6 (F (2,21) = 9.198, p = 0.001, η2 = 0.467); lob 7 (F (2,21) = 7.935, p = 0.003, η2 = 0.430), 
and lob 8 (F (2,21) = 6.366, p = 0.007, η2 = 0.377). (B) Deep Purkinje layers expressing the 
AR across ten cerebellar lobules in the mid-vermis. Statistical significant differences 
among ages for the AR density in the deep region of lob 3 (F (2,21) = 4.042, p = 0.033, η2 = 
0.278); lob 4 (F (2,21) = 5.677, p = 0.011, η2 = 0.351); lob 5 (F (2,21) = 3.984, p = 0.034, η2 = 
0.275); lob 6 (F (2,21) = 10.203, p = 0.001, η2 = 0.493); lob 7 (F (2,21) = 8.682, p = 0.002, η2 = 
0.453), and lob 8 (F (2,21) = 4.822, p = 0.019, η2 = 0.315). Data are expressed as mean ± 
S.E.M.; n = 8 males per group. Symbols indicate significant differences: *p < 0.05 and 
#p < 0.01 when PN14 is compared to PN7; ^p < 0.05 and +p < 0.01 when PN22 is 
compared to PN7. PN = postnatal day, Lob = cerebellar lobule. 
3.2 AR expression in Purkinje layer decreases during the second and third postnatal week 
in all cerebellar lobules in both superficial and deep regions in females. 
We also determined the AR pattern expression in the developing cerebellum of females and 
the one-way ANOVA showed a significant main effect for age with respect to AR density 
in the superficial region of all cerebellar lobules studied (full statistical details in Figure 
3A). The post hoc analysis revealed the expression of AR decreased in the Purkinje layer 
similarly at PN14 and PN22 when compared to PN7 in all ten cerebellar lobules: lobule 1 
(PN7 1.71 ± 0.02, PN14 0.42 ± 0.17 p < 0.000, PN22 0.45 ± 0.11 p < 0.000); lobule 2 
(PN7 1.81 ± 0.04, PN14 0.77 ± 0.21 p < 0.000, PN22 0.79 ± 0.11 p < 0.000); lobule 3 
(PN7 1.73 ± 0.04, PN14 0.70 ± 0.19 p < 0.000, PN22 0.86 ± 0.05 p < 0.000); lobule 4 
(PN7 1.77 ± 0.04, PN14 0.50 ± 0.18 p < 0.000, PN22 0.52 ± 0.10 p < 0.000); lobule 5 
(PN7 1.79 ± 0.05, PN14 0.48 ± 0.15 p < 0.000, PN22 0.78 ± 0.14 p < 0.000); lobule 6 
(PN7 1.61 ± 0.07, PN14 0.65 ± 0.13 p < 0.000, PN22 0.82 ± 0.13 p < 0.000); lobule 7 
(PN7 1.57 ± 0.07, PN14 0.58 ± 0.22 p = 0.003, PN22 0.63 ± 0.21 p = 0.005); lobule 8 
(PN7 1.72 ± 0.03, PN14 0.52 ± 0.16 p < 0.000, PN22 0.90 ± 0.20 p = 0.003); lobule 9 
(PN7 1.62 ± 0.03, PN14 0.12 ± 0.07 p < 0.000, PN22 0.75 ± 0.10 p < 0.000), and lobule 
10 (PN7 1.32 ± 0.06, PN14 0.38 ± 0.11 p < 0.000, PN22 0.86 ± 0.16 p = 0.04) (Figure 3A). 
 Furthermore, the statistical analysis detected similar differences in the deep region 
with respect to AR density in the Purkinje layer for all cerebellar lobules analyzed (full 
statistical details in Figure 3B). Likewise, post hoc analysis revealed the expression of AR 
decreased in the Purkinje layer similarly at PN14 and PN22 when compared to PN7 in all 
ten cerebellar lobules: lobule 1 (PN7 1.24 ± 0.20, PN14 0.16 ± 0.06 p < 0.000, PN22 0.15 
± 0.05 p < 0.000); lobule 2 (PN7 1.81 ± 0.03, PN14 0.24 ± 0.14 p < 0.000, PN22 0.10 ± 
0.10 p < 0.000); lobule 3 (PN7 1.87 ± 0.03, PN14 0.24 ± 0.11 p < 0.000, PN22 0.05 ± 0.05 
p < 0.000); lobule 4 (PN7 1.85 ± 0.04, PN14 0.07 ± 0.04 p < 0.000, PN22 0.02 ± 0.02 p < 
0.000); lobule 5 (PN7 1.80 ± 0.04, PN14 0.02 ± 0.02 p < 0.000, PN22 0.02 ± 0.02 p < 
0.000); lobule 6 (PN7 1.65 ± 0.03, PN14 0.40 ± 0.14 p < 0.000, PN22 0.04 ± 0.02 p < 
0.000); lobule 7 (PN7 1.48 ± 0.08, PN14 0.07 ± 0.04 p < 0.000, PN22 0.08 ± 0.04 p < 
0.000); lobule 8 (PN7 1.77 ± 0.04, PN14 0.00 ± 0.00 p < 0.000, PN22 0.08 ± 0.08 p < 
0.000); lobule 9 (PN7 1.63 ± 0.03, PN14 0.01 ± 0.01 p < 0.000, PN22 0.01 ± 0.01 p < 
0.000), and lobule 10 (PN7 1.33 ± 0.06, PN14 0.08 ± 0.03 p < 0.000, PN22 0.09 ± 0.05 p 
< 0.000) (Figure 3B). 
Figure 3. 
 
Figure 3. Postnatal AR expression in the developing vermis of female rats. (A) Superficial 
Purkinje layers expressing the AR across ten cerebellar lobules in the mid-vermis. 
Statistical significant differences among ages for the AR density in the superficial region of 
lob 1 (F (2,21) = 35.387, p < 0.000, η2 = 0.771); lob 2 (F (2,21) = 19.731, p < 0.000, η2 = 
0.664); lob 3 (F (2,21) = 21.853, p < 0.000, η2 = 0.675); lob 4 (F (2,21) = 32.730, p < 0.000, η2 
= 0.757); lob 5 (F (2,21) = 30.037, p < 0.000, η2 = 0.741); lob 6 (F (2,21) = 18.731, p < 0.000, 
η2 = 0.641); lob 7 (F (2,21) = 9.054, p = 0.001, η2 = 0.463); lob 8 (F (2,21) = 16.429, p < 0.000, 
η2 = 0.610); lob 9 (F (2,21) = 94.604, p < 0.000, η2 = 0.900), and lob 10 (F (2,21) = 14.375, p < 
0.000, η2 = 0.578). (B) Deep Purkinje layers expressing the AR across ten cerebellar 
lobules in the mid-vermis of lob 1 (F (2,21) = 23.956, p < 0.000, η2 = 0.695); lob 2 (F (2,21) = 
86.454, p < 0.000, η2 = 0.896); lob 3 (F (2,21) = 163.082, p < 0.000, η2 = 0.940); lob 4 (F 
(2,21) = 768.269, p < 0.000, η2 = 0.987); lob 5 (F (2,21) = 955.753, p < 0.000, η2 = 0.989); lob 
6 (F (2,21) = 94.118, p < 0.000, η2 = 0.900); lob 7 (F (2,21) = 176.648, p < 0.000, η2 = 0.944); 
lob 8 (F (2,21) = 337.130, p < 0.000, η2 = 0.970); lob 9 (F (2,21) = 1721.103, p < 0.000, η2 = 
0.994), and lob 10 (F (2,21) = 173.310, p < 0.000, η2 = 0.943). Data are expressed as mean ± 
S.E.M.; n = 8 females per group. Symbols indicate significant differences: *p < 0.05, #p 
< 0.01 when PN14 is compared to PN7; ^p < 0.05, +p < 0.01, @p < 0.000 when PN22 is 
compared to PN7. PN = postnatal day, Lob = cerebellar lobule. 
3.3 VPA decreases and increases the AR expression in the Purkinje layer of males and 
females in a region and age dependent manner. 
In order to elucidate the effect of prenatal exposure to VPA on the AR expression pattern in 
the cerebellum of males and female rats, we only analyzed only those cerebellar lobules 
that showed an important AR pattern expression in the developing cerebellum (see Figure 2 
and 3). In males, the 3 X 2 ANOVA detected a significant interaction for age X treatment 
for the AR density in the superficial Purkinje layer only in lobule 8 (F (2,48) = 13.184, p < 
0.000, η2 = 0.386). Pairwise comparison revealed that VPA decreases the AR density at 
PN7 (Ctrl 0.58 ± 0.20, VPA 0.00 ± 0.00, p = 0.013, d = 1.52), but it increases the AR at 
PN14 (Ctrl 0.11 ± 0.05, VPA 0.67 ± 0.17, p = 0.008, d = 1.66) compared to control levels 
(Figure 4). No significant differences were found in any other cerebellar lobule neither in 
the superficial nor the deep region (p > 0.05, data not shown). 
 In females, the two-way ANOVA analysis also detected a significant interaction for 
age X treatment for the AR density in the superficial Purkinje layer in cerebellar lobules 6 
(F (2,48) = 4.908, p = 0.012, η2 = 0.189), and 9 (F (2,48) = 3.363, p = 0.044, η2 = 0.138). 
Pairwise comparisons showed that VPA reduces AR density in the superficial Purkinje 
layer in lobule 6 (Ctrl 0.65 ± 0.13, VPA 0.08 ± 0.04, p = 0.001, d = 2.13), but it increases 
AR density in lobule 9 (Ctrl 0.12 ± 0.07, VPA 0.44 ± 0.10, p = 0.027, d = 1.31) at PN14 
compared to control (Figure 5). No significant differences were found in any other 
cerebellar lobule neither in the superficial nor the deep region (p > 0.05, data not shown). 
Figure 4. 
 
Figure 4. Effect of prenatal VPA exposure on the AR in the developing vermis of male rats. 
Prenatal exposure to VPA significantly decreased and increased AR density in the 
superficial Purkinje layer in cerebellar lobule 8 at PN7 and PN14, respectively. Data are 
expressed as mean ± S.E.M.; n = 8 males per group. Asterisks indicate significant 
differences: *p < 0.05, **p < 0.01 when compared to control. PN = postnatal day, Ctrl = 
control, VPA = valproic acid. 
Figure 5. 
 
Figure 5. Effect of prenatal VPA exposure on the AR in the developing vermis of female 
rats. Prenatal exposure to VPA significantly reduced AR density in the superficial Purkinje 
layer in lobule 6, but it increased AR expression in lobule 9 at PN14. Data are expressed as 
mean ± S.E.M.; n = 8 females per group. Asterisks indicate significant differences: *p < 
0.05, **p < 0.01 when compared to control. PN = postnatal day, Ctrl = control, VPA = 
valproic acid. 
 
4. Discussion 
The VPA model has been used for the study of autistic-like features in terms of anatomical, 
neurochemical, and behavioral changes in rodents due to its teratogenicity activity 
(Almeida et al., 2014; Cusmano and Mong, 2014; Ingram et al., 2000; Kolozsi et al., 2009; 
Narita et al., 2002; Rodier et al., 1997; Roullet et al., 2010; Vorhees, 1987a, b). VPA has 
also been found to impact the cerebellum by decreasing the number of Purkinje neurons, 
the only output of the cerebellar cortex, in the vermis (Ingram et al., 2000). Here, we report 
prenatal exposure to VPA alters AR expression in the postnatal developing cerebellum in 
an age and region specific manner in both male and female rats. Additionally, prenatal 
exposure to VPA affected the AR density in the Purkinje layer, but only in the posterior 
vermis in both sexes, demonstrating a specific impact of VPA to the developing 
cerebellum. This particular action of VPA on Purkinje neuron’s protein levels might be 
influenced by developmental timing or chemical properties among Purkinje neurons as they 
are born during a period of three days (E11-13) (Carletti and Rossi, 2008). Furthermore, 
Purkinje neurons also exhibit differences in protein, enzyme and amino acid expression 
according to anatomical location (Chan-Palay et al., 1981; Hawkes and Herrup, 1995; 
Leclerc et al., 1992; Scott, 1963). Nonetheless, further investigations are required to 
specifically test those factors determining VPA’s effect on Purkinje neurons. Interestingly, 
a similar anatomical difference between the anterior and posterior vermis has been noted in 
the autistic cerebellum, where anatomical and morphological alterations are concentrated in 
the posterior part of the vermis (Amaral et al., 2008; Bauman and Kemper, 2005; Hampson 
and Blatt, 2015; Murakami et al., 1989). This pathological feature is of high relevance since 
the posterior vermis has connections with regions of the limbic system as well as the 
prefrontal cortex (Bostan et al., 2013; Hampson and Blatt, 2015), and these have been 
found with anatomical abnormalities in the autistic brain (Amaral et al., 2008; Courchesne 
et al., 2007; Palmen et al., 2004). Nevertheless, whether cerebellar alterations underlie such 
cortical and subcortical abnormalities and therefore, the autistic behavior, remains 
unknown. 
 The Purkinje layer contains both Bergmann glia and Purkinje neurons (Bellamy, 
2006; Voogd and Glickstein, 1998), and even though we did not specifically identify the 
AR within Purkinje neurons in this study, the phenotype of cells expressing the AR 
resembles one week old Purkinje neurons, and not Bergmann glia. This premise is 
supported by previous reports showing that Purkinje neurons express the AR during 
postnatal development (Bowers et al., 2014; Qin et al., 2007). Purkinje neurons are the only 
output of the cerebellar cortex that communicates the cerebellum with the rest of the CNS 
(Apps and Garwicz, 2005; Ramnani, 2006). They synthesize de novo sexual hormones and 
their receptors, which are involved in neuroplasticity for the establishment of the cerebellar 
circuit (Tsutsui, 2008; Ukena et al., 1998). Since the AR is expressed by Purkinje neurons 
during postnatal development (Bowers et al., 2014; Qin et al., 2007), the regulation of 
tubulin and BDNF synthesis by the AR (Jones and Oblinger, 1994; Matsumoto et al., 1994; 
Yang et al., 2004) might be altered in surviving Purkinje neurons of both male and female 
developing rats that were prenatally exposed to VPA. This could lead to an abnormal 
function of Purkinje neurons and therefore, to a dysfunctional cerebellar circuit. 
  Purkinje neurons also express histone deacetylases (HDAC’s) 1 and 2 during the 
pre- and postnatal development (Yoo et al., 2013), and it has been shown that HDAC-1 
interacts with the AR (Bennett et al., 2010; Gaughan et al., 2002). More importantly, 
HDAC’s are targets of VPA (Gurvich et al., 2004; Hsieh et al., 2004; Ornoy, 2009; Phiel et 
al., 2001). Thus, the study of the effect of VPA on the HDAC’s might be an important 
route to elucidate AR alterations on Purkinje neurons by VPA. 
Interestingly, the majority of cerebellar lobules exhibited a decreasing in AR density 
across development in both males and females. This decline was more consistent in females 
than in males. Furthermore, the AR expression appeared to differ between the superficial 
and deep regions within the majority of cerebellar lobules in both sexes suggesting the 
location of AR-expressing neurons in the Purkinje layer as an important anatomical factor 
regulating AR activity. This peculiar pattern expression of AR in Purkinje neurons 
resemblances the one observed in the adult cerebellum at least in male rats (Perez-
Pouchoulen et al., 2016). The AR has been found in some, but not all, mature Purkinje 
neuron’s dendrites (Perez-Pouchoulen et al., 2016). In our present study, we did not 
find any evidence indicating that the AR is also expressed in the immature Purkinje 
neuron’s dendrites. Therefore, the specific localization of the AR in Purkinje neurons 
might depend on level of their maturation. Purkinje neuron’s dendrites interact 
during development with parallel fibers from granule cells as well as with basket and 
stellate interneurons to form connections; although, whether these interactions 
modulate AR expression in Purkinje neurons remains poorly understood. 
Although the functional significance of the developmental AR changes in Purkinje 
neurons of the vermis remains unclear, they might be part of neuroplasticity processes 
involved in the establishment of connections between the cerebellum and other brain 
regions such as the frontal lobe, which is also highly abnormal in the autistic brain. 
The implications of AR in the development of the cerebellum go beyond the motor 
system as it interacts with Foxp2, a transcription factor highly involved in human language 
(Enard et al., 2002; Lai et al., 2003) and animal communication (Bowers et al., 2013; 
Wohlgemuth et al., 2014), within Purkinje neuron (Bowers et al., 2014). Foxp2 has been 
shown to regulate genes altered in autism (Mukamel et al., 2011; Vernes et al., 2008), a 
disorder characterized by language and communication impairments (Amaral et al., 2008; 
Hampson and Blatt, 2015). However, how AR/Foxp2 interactions shape the developing 
cerebellum is still unknown and warrant further investigation. 
Finally, our results showed that VPA disrupts AR expression in the developing 
cerebellum in male and female rats. However, our data also showed that more cerebellar 
lobules exhibited AR alterations in females than males. These data do not correlate with the 
autism sex ratio reported, but they establish the basis to further investigate the VPA rat 
model for the study of autism where usually only males are used (Almeida et al., 2014; 
Arndt et al., 2005; Chomiak et al., 2010; Cusmano and Mong, 2014; Foley et al., 2012; 
Hara et al., 2012; Murcia et al., 2005; Rodier et al., 1997; Schneider and Przewlocki, 2005; 
Schneider et al., 2008; Schneider et al., 2007). Additional studies including protein and 
mRNA analysis as well as motor behavior are needed to have a more complete picture of 
the VPA effect on the cerebellum. Thus, we strongly believe the inclusion of both sexes 
when exploring the VPA animal model for autism is a more optimal way to study autism-
like features from the molecular to behavioral level. 
 
5. Conclusions 
Our present findings show that prenatal exposure to VPA disrupts AR expression in the 
Purkinje layer in an age and region dependent manner. Furthermore, our results 
demonstrate that prenatal exposure to VPA results not only in anatomical abnormalities of 
the cerebellum (Ingram et al., 2000), but also in chemical alterations of Purkinje neurons. 
Overall, this work contributes to the understanding of cerebellar development under normal 
and abnormal conditions that might help to understand the role of the cerebellum in 
neurodevelopmental disorders such as autism. 
 
Acknowledgements 
This research was supported by CONACYT (Consejo Nacional de Ciencia y Tecnologia) 
Grant 106531 to Maria Elena Hernandez (MEH) and CONACYT Doctorate scholarship 
205779 to Miguel Perez Pouchoulen (MPP). Authors thank M.S. Dulce Mariely Alvarez-
Croda for her valuable comments to the manuscript. 
 References 
 
Aiello, T.P., Whitaker-Azmitia, P.M., 2011. Sexual differentiation and the neuroendocrine 
hypothesis of autism. Anat Rec (Hoboken) 294, 1663-1670. 
Almeida, L.E., Roby, C.D., Krueger, B.K., 2014. Increased BDNF expression in fetal brain in 
the valproic acid model of autism. Mol Cell Neurosci 59, 57-62. 
Amaral, D.G., Schumann, C.M., Nordahl, C.W., 2008. Neuroanatomy of autism. Trends in 
neurosciences 31, 137-145. 
Apps, R., Garwicz, M., 2005. Anatomical and physiological foundations of cerebellar 
information processing. Nature reviews. Neuroscience 6, 297-311. 
Arndt, T.L., Stodgell, C.J., Rodier, P.M., 2005. The teratology of autism. International journal of 
developmental neuroscience : the official journal of the International Society for Developmental 
Neuroscience 23, 189-199. 
Auyeung, B., Baron-Cohen, S., Ashwin, E., Knickmeyer, R., Taylor, K., Hackett, G., 2009. Fetal 
testosterone and autistic traits. Br J Psychol 100, 1-22. 
Baron-Cohen, S., Auyeung, B., Ashwin, E., Knickmeyer, R., 2009. Fetal testosterone and autistic 
traits: a response to three fascinating commentaries. Br J Psychol 100, 39-47. 
Bauman, M.L., Kemper, T.L., 2005. Neuroanatomic observations of the brain in autism: a review 
and future directions. International journal of developmental neuroscience : the official journal of 
the International Society for Developmental Neuroscience 23, 183-187. 
Bellamy, T.C., 2006. Interactions between Purkinje neurones and Bergmann glia. Cerebellum 5, 
116-126. 
Bennett, N.C., Gardiner, R.A., Hooper, J.D., Johnson, D.W., Gobe, G.C., 2010. Molecular cell 
biology of androgen receptor signalling. Int J Biochem Cell Biol 42, 813-827. 
Bostan, A.C., Dum, R.P., Strick, P.L., 2013. Cerebellar networks with the cerebral cortex and 
basal ganglia. Trends in cognitive sciences 17, 241-254. 
Bowers, J.M., Perez-Pouchoulen, M., Edwards, N.S., McCarthy, M.M., 2013. Foxp2 mediates 
sex differences in ultrasonic vocalization by rat pups and directs order of maternal retrieval. The 
Journal of neuroscience : the official journal of the Society for Neuroscience 33, 3276-3283. 
Bowers, J.M., Perez-Pouchoulen, M., Roby, C.R., Ryan, T.E., McCarthy, M.M., 2014. Androgen 
modulation of Foxp1 and Foxp2 in the developing rat brain: impact on sex specific vocalization. 
Endocrinology 155, 4881-4894. 
Carletti, B., Rossi, F., 2008. Neurogenesis in the cerebellum. The Neuroscientist : a review 
journal bringing neurobiology, neurology and psychiatry 14, 91-100. 
Chan-Palay, V., Nilaver, G., Palay, S.L., Beinfeld, M.C., Zimmerman, E.A., Wu, J.Y., 
O'Donohue, T.L., 1981. Chemical heterogeneity in cerebellar Purkinje cells: existence and 
coexistence of glutamic acid decarboxylase-like and motilin-like immunoreactivities. Proc Natl 
Acad Sci U S A 78, 7787-7791. 
Chang, C., Saltzman, A., Yeh, S., Young, W., Keller, E., Lee, H.J., Wang, C., Mizokami, A., 
1995. Androgen receptor: an overview. Crit Rev Eukaryot Gene Expr 5, 97-125. 
Chomiak, T., Karnik, V., Block, E., Hu, B., 2010. Altering the trajectory of early postnatal 
cortical development can lead to structural and behavioural features of autism. BMC Neurosci 
11, 102. 
Chugani, D.C., Muzik, O., Rothermel, R., Behen, M., Chakraborty, P., Mangner, T., da Silva, 
E.A., Chugani, H.T., 1997. Altered serotonin synthesis in the dentatothalamocortical pathway in 
autistic boys. Annals of neurology 42, 666-669. 
Courchesne, E., 1999. An MRI study of autism: the cerebellum revisited. Neurology 52, 1106-
1107. 
Courchesne, E., Pierce, K., Schumann, C.M., Redcay, E., Buckwalter, J.A., Kennedy, D.P., 
Morgan, J., 2007. Mapping early brain development in autism. Neuron 56, 399-413. 
Cusmano, D.M., Mong, J.A., 2014. In utero exposure to valproic acid changes sleep in juvenile 
rats: a model for sleep disturbances in autism. Sleep 37, 1489-1499. 
Dufour-Rainfray, D., Vourc'h, P., Le Guisquet, A.M., Garreau, L., Ternant, D., Bodard, S., 
Jaumain, E., Gulhan, Z., Belzung, C., Andres, C.R., Chalon, S., Guilloteau, D., 2010. Behavior 
and serotonergic disorders in rats exposed prenatally to valproate: a model for autism. 
Neuroscience letters 470, 55-59. 
Enard, W., Przeworski, M., Fisher, S.E., Lai, C.S., Wiebe, V., Kitano, T., Monaco, A.P., Paabo, 
S., 2002. Molecular evolution of FOXP2, a gene involved in speech and language. Nature 418, 
869-872. 
Fatemi, S.H., Halt, A.R., Realmuto, G., Earle, J., Kist, D.A., Thuras, P., Merz, A., 2002. Purkinje 
cell size is reduced in cerebellum of patients with autism. Cell Mol Neurobiol 22, 171-175. 
Finesmith, D., Favero, C., 2014. Prenatal Ethanol Exposure Affects Calbindin Expression in an 
FASD Mouse Model. Journal of Young Investigators 26, 17-23. 
Foley, A.G., Gannon, S., Rombach-Mullan, N., Prendergast, A., Barry, C., Cassidy, A.W., 
Regan, C.M., 2012. Class I histone deacetylase inhibition ameliorates social cognition and cell 
adhesion molecule plasticity deficits in a rodent model of autism spectrum disorder. 
Neuropharmacology 63, 750-760. 
Gaughan, L., Logan, I.R., Cook, S., Neal, D.E., Robson, C.N., 2002. Tip60 and histone 
deacetylase 1 regulate androgen receptor activity through changes to the acetylation status of the 
receptor. J Biol Chem 277, 25904-25913. 
Gurvich, N., Tsygankova, O.M., Meinkoth, J.L., Klein, P.S., 2004. Histone deacetylase is a 
target of valproic acid-mediated cellular differentiation. Cancer Res 64, 1079-1086. 
Hampson, D.R., Blatt, G.J., 2015. Autism spectrum disorders and neuropathology of the 
cerebellum. Front Neurosci 9, 420. 
Hamson, D.K., Csupity, A.S., Gaspar, J.M., Watson, N.V., 2009. Analysis of Foxp2 expression 
in the cerebellum reveals a possible sex difference. Neuroreport 20, 611-616. 
Hara, Y., Maeda, Y., Kataoka, S., Ago, Y., Takuma, K., Matsuda, T., 2012. Effect of prenatal 
valproic acid exposure on cortical morphology in female mice. J Pharmacol Sci 118, 543-546. 
Haraguchi, S., Sasahara, K., Shikimi, H., Honda, S., Harada, N., Tsutsui, K., 2012. Estradiol 
promotes purkinje dendritic growth, spinogenesis, and synaptogenesis during neonatal life by 
inducing the expression of BDNF. Cerebellum 11, 416-417. 
Hawkes, R., Herrup, K., 1995. Aldolase C/zebrin II and the regionalization of the cerebellum. J 
Mol Neurosci 6, 147-158. 
Hsieh, J., Nakashima, K., Kuwabara, T., Mejia, E., Gage, F.H., 2004. Histone deacetylase 
inhibition-mediated neuronal differentiation of multipotent adult neural progenitor cells. Proc 
Natl Acad Sci U S A 101, 16659-16664. 
Ingram, J.L., Peckham, S.M., Tisdale, B., Rodier, P.M., 2000. Prenatal exposure of rats to 
valproic acid reproduces the cerebellar anomalies associated with autism. Neurotoxicol Teratol 
22, 319-324. 
Jones, K.J., Oblinger, M.M., 1994. Androgenic regulation of tubulin gene expression in 
axotomized hamster facial motoneurons. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 14, 3620-3627. 
Knickmeyer, R.C., Baron-Cohen, S., 2006. Fetal testosterone and sex differences in typical 
social development and in autism. J Child Neurol 21, 825-845. 
Kolozsi, E., Mackenzie, R.N., Roullet, F.I., deCatanzaro, D., Foster, J.A., 2009. Prenatal 
exposure to valproic acid leads to reduced expression of synaptic adhesion molecule neuroligin 3 
in mice. Neuroscience 163, 1201-1210. 
Lai, C.S., Gerrelli, D., Monaco, A.P., Fisher, S.E., Copp, A.J., 2003. FOXP2 expression during 
brain development coincides with adult sites of pathology in a severe speech and language 
disorder. Brain : a journal of neurology 126, 2455-2462. 
Leclerc, N., Schwarting, G.A., Herrup, K., Hawkes, R., Yamamoto, M., 1992. Compartmentation 
in mammalian cerebellum: Zebrin II and P-path antibodies define three classes of sagittally 
organized bands of Purkinje cells. Proc Natl Acad Sci U S A 89, 5006-5010. 
Lee, D.K., Chang, C., 2003. Endocrine mechanisms of disease: Expression and degradation of 
androgen receptor: mechanism and clinical implication. J Clin Endocrinol Metab 88, 4043-4054. 
Lee, M., Martin-Ruiz, C., Graham, A., Court, J., Jaros, E., Perry, R., Iversen, P., Bauman, M., 
Perry, E., 2002. Nicotinic receptor abnormalities in the cerebellar cortex in autism. Brain : a 
journal of neurology 125, 1483-1495. 
Lombardo, M.V., Ashwin, E., Auyeung, B., Chakrabarti, B., Taylor, K., Hackett, G., Bullmore, 
E.T., Baron-Cohen, S., 2012. Fetal testosterone influences sexually dimorphic gray matter in the 
human brain. The Journal of neuroscience : the official journal of the Society for Neuroscience 
32, 674-680. 
Matsumoto, A., Arai, Y., Urano, A., Hyodo, S., 1994. Androgen regulates gene expression of 
cytoskeletal proteins in adult rat motoneurons. Horm Behav 28, 357-366. 
McCarthy, M.M., 2008. Estradiol and the developing brain. Physiol Rev 88, 91-124. 
McEwen, B.S., 1992. Steroid hormones: effect on brain development and function. Horm Res 37 
Suppl 3, 1-10. 
McKay, B.E., Turner, R.W., 2005. Physiological and morphological development of the rat 
cerebellar Purkinje cell. The Journal of physiology 567, 829-850. 
Moldin, S.O., Rubenstein, J.L., Hyman, S.E., 2006. Can autism speak to neuroscience? The 
Journal of neuroscience : the official journal of the Society for Neuroscience 26, 6893-6896. 
Mukamel, Z., Konopka, G., Wexler, E., Osborn, G.E., Dong, H., Bergman, M.Y., Levitt, P., 
Geschwind, D.H., 2011. Regulation of MET by FOXP2, genes implicated in higher cognitive 
dysfunction and autism risk. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 31, 11437-11442. 
Murakami, J.W., Courchesne, E., Press, G.A., Yeung-Courchesne, R., Hesselink, J.R., 1989. 
Reduced cerebellar hemisphere size and its relationship to vermal hypoplasia in autism. Arch 
Neurol 46, 689-694. 
Murcia, C.L., Gulden, F., Herrup, K., 2005. A question of balance: a proposal for new mouse 
models of autism. International journal of developmental neuroscience : the official journal of 
the International Society for Developmental Neuroscience 23, 265-275. 
Narita, N., Kato, M., Tazoe, M., Miyazaki, K., Narita, M., Okado, N., 2002. Increased 
monoamine concentration in the brain and blood of fetal thalidomide- and valproic acid-exposed 
rat: putative animal models for autism. Pediatric research 52, 576-579. 
Ornoy, A., 2009. Valproic acid in pregnancy: how much are we endangering the embryo and 
fetus? Reprod Toxicol 28, 1-10. 
Palmen, S.J., van Engeland, H., Hof, P.R., Schmitz, C., 2004. Neuropathological findings in 
autism. Brain : a journal of neurology 127, 2572-2583. 
Perez-Pouchoulen, M., Toledo, R., Garcia, L.I., Perez-Estudillo, C.A., Coria-Avila, G.A., 
Hernandez, M.E., Carrillo, P., Manzo, J., 2016. Androgen receptors in Purkinje neurons are 
modulated by systemic testosterone and sexual training in a region-specific manner in the male 
rat. Physiology & behavior 156, 191-198. 
Phiel, C.J., Zhang, F., Huang, E.Y., Guenther, M.G., Lazar, M.A., Klein, P.S., 2001. Histone 
deacetylase is a direct target of valproic acid, a potent anticonvulsant, mood stabilizer, and 
teratogen. J Biol Chem 276, 36734-36741. 
Purcell, A.E., Jeon, O.H., Zimmerman, A.W., Blue, M.E., Pevsner, J., 2001. Postmortem brain 
abnormalities of the glutamate neurotransmitter system in autism. Neurology 57, 1618-1628. 
Qin, J., Suh, J.M., Kim, B.J., Yu, C.T., Tanaka, T., Kodama, T., Tsai, M.J., Tsai, S.Y., 2007. The 
expression pattern of nuclear receptors during cerebellar development. Dev Dyn 236, 810-820. 
Ramnani, N., 2006. The primate cortico-cerebellar system: anatomy and function. Nature 
reviews. Neuroscience 7, 511-522. 
Rodier, P.M., Ingram, J.L., Tisdale, B., Croog, V.J., 1997. Linking etiologies in humans and 
animal models: studies of autism. Reprod Toxicol 11, 417-422. 
Roullet, F.I., Wollaston, L., Decatanzaro, D., Foster, J.A., 2010. Behavioral and molecular 
changes in the mouse in response to prenatal exposure to the anti-epileptic drug valproic acid. 
Neuroscience 170, 514-522. 
Sakamoto, H., Mezaki, Y., Shikimi, H., Ukena, K., Tsutsui, K., 2003. Dendritic growth and spine 
formation in response to estrogen in the developing Purkinje cell. Endocrinology 144, 4466-
4477. 
Sakamoto, H., Ukena, K., Tsutsui, K., 2001. Effects of progesterone synthesized de novo in the 
developing Purkinje cell on its dendritic growth and synaptogenesis. The Journal of neuroscience 
: the official journal of the Society for Neuroscience 21, 6221-6232. 
Sasahara, K., Shikimi, H., Haraguchi, S., Sakamoto, H., Honda, S., Harada, N., Tsutsui, K., 
2007. Mode of action and functional significance of estrogen-inducing dendritic growth, 
spinogenesis, and synaptogenesis in the developing Purkinje cell. The Journal of neuroscience : 
the official journal of the Society for Neuroscience 27, 7408-7417. 
Schneider, T., Przewlocki, R., 2005. Behavioral alterations in rats prenatally exposed to valproic 
acid: animal model of autism. Neuropsychopharmacology 30, 80-89. 
Schneider, T., Roman, A., Basta-Kaim, A., Kubera, M., Budziszewska, B., Schneider, K., 
Przewlocki, R., 2008. Gender-specific behavioral and immunological alterations in an animal 
model of autism induced by prenatal exposure to valproic acid. Psychoneuroendocrinology 33, 
728-740. 
Schneider, T., Ziolkowska, B., Gieryk, A., Tyminska, A., Przewlocki, R., 2007. Prenatal 
exposure to valproic acid disturbs the enkephalinergic system functioning, basal hedonic tone, 
and emotional responses in an animal model of autism. Psychopharmacology (Berl) 193, 547-
555. 
Scott, T.G., 1963. A Unique Pattern of Localization within the Cerebellum. Nature 200, 793. 
Tordjman, S., Ferrari, P., Sulmont, V., Duyme, M., Roubertoux, P., 1997. Androgenic activity in 
autism. Am J Psychiatry 154, 1626-1627. 
Tsutsui, K., 2008. Neurosteroid synthesis and action in the cerebellum during development. 
Cerebellum 7, 502-504. 
Ukena, K., Usui, M., Kohchi, C., Tsutsui, K., 1998. Cytochrome P450 side-chain cleavage 
enzyme in the cerebellar Purkinje neuron and its neonatal change in rats. Endocrinology 139, 
137-147. 
Vernes, S.C., Newbury, D.F., Abrahams, B.S., Winchester, L., Nicod, J., Groszer, M., Alarcon, 
M., Oliver, P.L., Davies, K.E., Geschwind, D.H., Monaco, A.P., Fisher, S.E., 2008. A functional 
genetic link between distinct developmental language disorders. N Engl J Med 359, 2337-2345. 
Voogd, J., 2003. The human cerebellum. J Chem Neuroanat 26, 243-252. 
Voogd, J., Glickstein, M., 1998. The anatomy of the cerebellum. Trends in cognitive sciences 2, 
307-313. 
Vorhees, C.V., 1987a. Behavioral teratogenicity of valproic acid: selective effects on behavior 
after prenatal exposure to rats. Psychopharmacology (Berl) 92, 173-179. 
Vorhees, C.V., 1987b. Teratogenicity and developmental toxicity of valproic acid in rats. 
Teratology 35, 195-202. 
Wagner, G.C., Reuhl, K.R., Cheh, M., McRae, P., Halladay, A.K., 2006. A new neurobehavioral 
model of autism in mice: pre- and postnatal exposure to sodium valproate. J Autism Dev Disord 
36, 779-793. 
Wohlgemuth, S., Adam, I., Scharff, C., 2014. FoxP2 in songbirds. Current opinion in 
neurobiology 28, 86-93. 
Wood, C.E., Keller-Wood, M., 2008. Ontogeny of androgen receptor expression in the ovine 
fetal central nervous system and pituitary. Neuroscience letters 439, 153-156. 
Yang, L.Y., Verhovshek, T., Sengelaub, D.R., 2004. Brain-derived neurotrophic factor and 
androgen interact in the maintenance of dendritic morphology in a sexually dimorphic rat spinal 
nucleus. Endocrinology 145, 161-168. 
Yoo, J.Y., Larouche, M., Goldowitz, D., 2013. The expression of HDAC1 and HDAC2 during 
cerebellar cortical development. Cerebellum 12, 534-546. 
